Melanocytes originate from a small number of precursors localized either side of the dorsal midline. The tyrosine kinase receptor Kit and its ligand Mgf (Steel Factor) are essential for melanoblast survival and proliferation during their migration from the neural crest. Inappropriate Kit expression in the dermatome and dermis of patch and rump-white mouse mutants apparently sequester Mgf, inhibiting melanoblast dispersal. Using a reporter transgene Dct-lacZ, extensive regions of the mutant trunks appear devoid of melanoblasts between E12.5 and E15.5, a much larger area than seen in mutant adults. Melanoblast recolonization of the underpopulated lumbar regions occurs very rapidly by E16.5 giving rise to patterns consistent with those observed in adults. The mutations permit observation of aspects of melanoblast development that are not seen, or are obscured, in normal embryos. q
Introduction
Melanoblasts, the precursors of pigment-producing melanocytes, are derived from the neural crest and undergo extensive migration to reach their destination in the hair follicles and the basal layer of the skin (see Rawles, 1947; Mayer, 1965; Le Douarin, 1982) . During this period a variety of endogenous and exogenous developmental cues control the differentiation and the particular patterns of colonization that the pigment cells adopt throughout the body. In the mouse, melanoblasts commence their migration from the neural crest around embryonic day 8.5 (E8.5) moving on a dorsolateral pathway between the ectoderm and the dorsal surface of the somites (Rawles, 1947; Wehrle-Haller and Weston, 1995) . From E10.5 the melanoblasts begin to spread through the dermis so that 3 days later they have reached the ventral parts of the body at all levels along the anterior/posterior axis. From E14.5 they move from the dermis to the developing epidermis and into the hair follicles via the dermal/epidermal junction.
Studies of mosaic and chimaeric animals indicate that melanocytes originate from a small number of precursors, either side of the neural tube, which do not normally cross the midline (Mintz, 1967; McLaren and Bowman, 1969) .
Chimaeric mice produced by mixing early embryonic cells of different colour genotypes or the examination of mosaic expression of a tyrosinase transgene in albino mice show that primordial melanoblasts migrate laterally from the neural crest and form transverse mitotic clones (Mintz, 1967; Mintz and Bradl, 1991) . The resulting mice are strikingly patterned with broad transverse stripes of alternating colour. Mintz (1967) interpreted each band as the clonal progeny from a single or a few adjacent primordial melanoblasts in the neural crest and concluded that clones on either side of the dorsal midline are derived independently. Each progenitor proliferates laterally and to a lesser extent longitudinally to ®ll the available space between the epidermis and dermis as the embryo grows (Mintz, 1967) . The clones remain coherent during development and do not mix with adjacent clones, resulting in pigmented patches with sharp boundaries (Mintz, 1974) .
Mutant mice with non-uniform pigmentation patterns have provided important model systems for investigating melanocyte development. Two of the best characterized phenotypes that affect pigment patterns are dominant white spotting (W) and steel (Sl) due to mutations in the tyrosine kinase receptor gene, Kit, and that encoding its ligand, mast growth factor (Mgf), also known as stem cell factor, steel factor or Kit ligand. Mutations in either gene affect the survival and proliferation of primordial germ cells www.elsevier.com/locate/modo and haematopoietic cells in addition to pigment cells during embryogenesis.
During the migration and proliferation of melanoblasts Kit and Mgf are expressed in complementary regions throughout the body from early presomite stages to the mature adult. Mgf is made in two forms, a soluble protein and a membrane-bound form, and both are necessary for normal migration, survival and proliferation of melanocytes (Murphy et al., 1992; Morrison-Graham and Weston, 1993; Reid et al., 1995; Langtimm-Sedlak et al., 1996) . High levels of Mgf mRNA are transiently detected in the dorsal region of the somites, over which the presumptive melanoblasts migrate prior to their dispersal (Matsui et al., 1990; Wehrle-Haller and Weston, 1995) . Wehrle-Haller and Weston (1995) suggested that soluble Mgf is necessary for the initial migration of melanoblasts from the neural crest to a region above the somites, after which the membrane bound form becomes essential. Kit is expressed in presumptive melanoblasts in the dermis at E10.5 but is absent from the somites. We and others have shown that Kit and Mgf are required at early stages for the survival of melanoblasts and for their continued proliferation (Steel et al., 1992; Cable et al., 1995; Wehrle-Haller and Weston, 1995; MacKenzie et al., 1997) . Using antibodies to block Kit function, Nishikawa et al. (1991) have shown several alternating stages of melanoblast dependence and independence on Kit function. Kit is required for the proliferation of melanoblasts in the mesodermal layer and at E14.5 for their migration from the dermis to the epidermis. However, once the melanocytes enter the hair follicles they become Kit-independent until they are reactivated upon initiation of the ®rst wave of the hair cycle after birth (Yoshida et al., 1996) .
Two classes of mutations are found at the Kit locus: missense mutations which result in mutant receptors with diminished or undetectable kinase activity (Nocka et al., 1990; Reith et al., 1990) and regulatory mutations that affect the level and spatial distribution of Kit expression. At least four such regulatory mutations, including patch, rumpwhite, banded and sash, have similar dominant pigmentation phenotypes consisting of a white unpigmented patch around the abdomen or on the rump. All four of these mutations are due to chromosomal rearrangements with disruption of sequences around 100±200 kb upstream of Kit. The resulting dominant phenotypes do not appear to be caused by a reduction in Kit transcription (as mice heterozygous for a loss of function of Kit do not show this phenotype); rather the chromosomal rearrangements appear to cause ectopic expression of Kit in the dermatome of the somites at E10.5 and E11.5 (Duttlinger et al., 1993 (Duttlinger et al., , 1995 Nagle et al., 1995; Wehrle-Haller et al., 1996; Kluppel et al., 1997; Hough et al., 1998) . It has been suggested that this misexpression of Kit results in sequestration of soluble and/or membrane bound Mgf which is then no longer available to allow melanoblast dispersal and/or survival.
Two of the mutations, patch and rump-white, are homozygous lethal due to loss of function of other genes (Smith et al., 1991; Stephenson et al., 1991 Stephenson et al., , 1994 Nagle et al., 1994; Hough et al., 1998) . Mice homozygous for sash and banded mutations have no pigmentation but have normal germ cells and haematopoiesis. There appears to be one or more elements located several hundred kb upstream of Kit that are required for normal expression of the gene in melanoblasts, and whose absence results in mis-expression in the dermatome and dermis.
We have examined the distribution of melanocytes and their precursors in adults and embryos heterozygous for patch (Ph) and rump-white (Rw) mutations. The adults show sharp demarcation between the pigmented and nonpigmented areas of their coats, and patch animals often have a boundary on the dorsal midline indicative of clonal expansion of precursor cells into an unpigmented region. We examined whether melanoblast expansion is responsible for the observed pigmentation patterns using Ph and Rw mutants carrying a Dct-lacZ reporter transgene which marks cells of the melanoblast lineage (MacKenzie et al., 1997) . This has enabled us to investigate in detail the patterns of migration from E10.5 to E16.5 and extend previous studies of melanoblast development in these mutants (Duttlinger et al., 1995; Wehrle-Haller et al., 1996; Hough et al., 1998) . We ®nd that patch embryos have a large trunk area almost completely devoid of melanoblasts (a few scattered cells may be visible), but late in development much of this is rapidly ®lled by melanoblasts that appear to be differentiating from clones of previouslyunidenti®ed precursors. Scattered melanoblasts are visible in the rump-white trunk between E12.5 and E15.5 that gradually recolonize the area leaving a small discrete sacrolumbar region devoid of melanocytes by E16.5.
Results

Heterogeneity of spotting patterns in Ph/1 adults
Adult Ph/1 mutants show heterogeneity in the size and location of unpigmented areas of their coats (Fig. 1) . All mutants have white feet and a patchy tail. In some extreme cases, the depigmented area of the body stretches from the hindlimbs to the forelimbs (Fig. 1A ) but in the majority of mutants the white patch is con®ned to one small trunk region (Fig. 1C) . Isolated pigmented spots or¯ecked regions could occasionally be observed within a larger depigmented area, consistent with the clonal expansion of a single melanoblast progenitor (Fig. 1A) .
Four key observations could be made from examination of the pigmentation patterns from more than 20 Ph/1 adult mice. (a) There was no intermixing of the agouti and white hairs at the boundaries of the unpigmented and pigmented areas. Furthermore, in general the pigmented areas had no dilution of colour, indicating that Kit function was normal in those melanocytes. (b) The pigmented areas were well demarcated and extended laterally from the dorsal midline (Fig. 1B,D) . (c) The coat pigmentation patterns were not stably inherited. (d) The pigmented and depigmented areas were not symmetric suggesting that the coat colour patterns were established independently either side of the dorsal midline.
These observations prompted us to examine melanoblast development in Ph/1 embryos from E10.5 until E16.5 using a reporter transgene Dct-lacZ which had been previously used to elucidate defects of melanoblast survival and proliferation in Kit W-v mutants (MacKenzie et al., 1997).
Effect of patch mutation on melanoblast development
We crossed the Dct-lacZ transgene onto Ph/1 mice and stained embryos with XGal to assay the effects on melanoblast development. Transgenic embryos that were wild-type or heterozygous for the Ph/1 mutation were obtained from each litter and genotyped by Southern blot analysis of DNA from the extraembryonic membranes.
A comparison of wild-type and heterozygous Ph/1 embryos at E10.5 shows no differences in the numbers or spatial distribution of labelled melanoblasts over the head and rostral trunk regions ( Fig. 2A) . One day later, at E11.5, wild-type melanoblasts have proliferated and begun to disperse away from the neural crest in the posterior trunk. At this stage, melanoblasts in Ph/1 embryos have a very distinctive segmented pattern, remaining in a narrow line lateral to the neural tube from rostral to mid trunk levels ( Fig. 2B) . Clusters of melanoblasts are visible either side of the midline interspersed with areas apparently devoid of cells. Thin streams of cells appear to extend ventrally from the clusters.
By E12.5 a uniform distribution of cells stretching from the ®rst somites to the anterior trunk region can be seen in wild-type embryos ( Fig. 2C ). At this stage melanoblasts
have not yet reached the tail extremities. In Ph/1 embryos the segmented pattern of melanocytes has disappeared and the cells are largely absent from the central trunk or are beginning to disappear from the rostral and caudal trunk boundaries, but melanoblast number in the head regions is no different to wild-type. Over the next few days (E13.5± E15.5) the population of melanoblasts proliferates extensively in wild-type embryos to reach all areas of the body (Fig. 2D ). By E13.5 and E14.5, only a few isolated melanoblasts are visible in the Ph/1 posterior axial region stretching from the forelimbs to the hindlimbs (data not shown). At E15.5, melanoblasts have populated all regions of the wildtype embryo including the limbs, and are beginning to enter the hair follicles. However, only a few scattered melanoblasts are still visible in the dorsal areas between the forelimb and hindlimb for the E15.5 Ph/1 embryos ( Fig. 2D ).
All Ph/1 embryos examined at this stage (more than 20 from 10 independent litters) are very similar and show only a few isolated and well-dispersed melanoblasts in the dorsal trunk region. Between E15.5 and E16.5 a sudden and striking appearance of melanoblasts occurs in the trunk region caudal to the forelimbs of the Ph/1 embryos (Fig. 3) . At the time of their appearance they are correctly localized in the hair follicles, identical to their wild-type control littermates. Individual E16.5 mutant embryos show variability in the degree of melanoblast repopulation over abdominal regions similar to that observed in the adult mutants (Fig. 3D) . In some cases, almost the entire trunk region is recolonized (Fig.  3C ) while in other embryos streams of melanocytes are clearly visible extending from the midline, leaving some areas devoid of melanocytes (Fig. 3B,F) . In other words, the adult pigmentation pattern of patch mice is established by a rapid appearance of melanocyte precursors late in embryonic development.
Effect of Rw mutation on melanoblast development
Adult Rw/1 mice have an unpigmented region over the posterior abdomen and hindlimbs, which is more extensive ventrally rather than dorsally (Fig. 4) . The digits of both forelimbs and hindlimbs are white and the pigmented areas of their coats show no signs of dilution. The mutants have more tail pigmentation than Ph/1 mutants. There is less variability in spot size between Rw/1 littermates but the variation is not heritable. To examine the effects of the Rw mutation on development, the Dct-lacZ transgene was crossed onto Rw/1 mice, and transgenic embryos were genotyped by PCR analysis of DNA from the extraembryonic membranes and stained using XGal.
Rw/1 embryos show no differences in the numbers of melanoblasts emigrating from the neural crest at E10.5 (data not shown). Melanoblasts are reduced in number from E11.5 along the neural axis, especially in the vagal and anterior trunk regions (Fig. 5A ) but the segmented pattern seen in Ph/1 mutants is not evident. Reduced numbers of melanoblasts are observed in the trunk region of the mutants from E12.5 to E15.5 compared to control littermates (Fig. 5B,C) . However, the reduction in the Rw/1 embryos is less severe than in age-matched Ph/1 mutants and at all stages (E12.5±E15.5) some melanoblasts are scattered throughout the posterior axial domain. The patterns of melanoblast distribution are similar in control and mutants tails up to E13.5 but at E15.5 there is a reduction in cell number in the hindlimb and tail region (data not shown). By E16.5 the abdominal areas lacking melanocytes have reduced in size apparently because of colonization by stained cells (Fig. 5D,E) . However, melanocytes are never found in the hindlimbs and are reduced in lumbar and ventral abdominal regions.
Discussion
Using a reporter gene to follow the development of melanoblasts we have examined the embryonic origin of the adult pigmentation pattern seen in two different mutations, patch and rump-white. Both mutations are associated with chromosomal rearrangements that affect Kit expression and result in ectopic expression of Kit receptor in embryonic somites and dermis. In both mutations the consequence is an absence of melanoblasts over an extensive area of trunk between E11.5 and E15.5 which is much larger than the unpigmented region of adult mutants. Between E15.5 and E16.5 the region devoid of melanoblasts becomes rapidly populated with reporterpositive cells to give rise to the pattern of pigmentation seen in adults. It appears that cells are able to sense the unpopulated regions of the dermis, and melanoblasts are able to respond to ®ll the void. The mechanism by which the melanoblasts do this seems to differ in the two mutations. In rump-white embryos there appears to be a rostrocaudal migration of cells from densely populated to underpopulated regions. In patch embryos there is a rapid appearance of clonally expanded cells, which are either migrating late from the neural crest or differentiating late from alreadymigrated quiescent progenitors. Our analysis of the early defects in melanoblast migration in the Ph/1 and Rw/1 embryos concur with those previously observed using in situ hybridization and immunocytochemistry (Duttlinger et al., 1995; Wehrle-Haller et al., 1996) . However, these analyses only examined mutant embryos up to E13.5. We have been able to extend these observations to E16.5 when the melanocytes have entered the hair follicles. Beyond this point the skin becomes impenetrable to the XGal stain and no blue cells can be detected.
We have con®ned our analyses to understanding the defects in melanoblast development of the heterozygous mutants. A few E13.5±E15.5 Ph/Ph embryos were identi®ed in the intercross litters and although the embryos were in the process of being absorbed, stained melanoblasts could be seen in the head region. Trunk neural crest cells from Ph/Ph embryos have previously been shown to give rise to pigmented melanocytes in vitro in response to the addition of exogenous Mgf (Wehrle-Haller et al., 1996) .
Melanoblast survival and proliferation in Ph/1 and Rw/1 embryos
We observe reduced numbers of trunk melanoblasts from E11.5 in Ph/1 embryos as previously noted by Duttlinger et al. (1995) . These melanoblasts are seen in discrete clusters lateral to the neural tube, identical to those detected by antiTrp2 antibodies in the dorsal epithelial dermatome of E11.5 Ph/1 and Ph/Ph mutants (Wehrle-Haller et al. 1996) . These data support the notion that ectopic expression of Kit in the dermatome sequesters Mgf and thus inhibits the survival of overlying melanoblasts. We suggest that the clusters are derived from melanoblast precursors that originate between the somites where some Mgf is free to act. However, the clusters of melanoblasts do not disperse into the ventrolateral mesenchyme of Ph/1 embryos (Fig. 2B ) and the majority have disappeared from the trunk region by E13.5. As previously demonstrated (Duttlinger et al., 1995; WehrleHaller et al., 1996) ectopic Kit expression is seen in the developing mutant dermis and in the neural tube, where presumably Mgf is sequestered causing inhibition of survival and proliferation of those melanoblasts that escaped the initial inhibition by the dermatome.
Loss of melanoblasts from E13.5 to E15.5 in the patch embryos is more extensive than that observed in the adult mutants, extending from the forelimb to the hindlimb. Only a few scattered melanoblasts can be detected in the dorsal and anterior trunk regions of all mutant embryos examined during this period. A second wave of melanocytes recolonizes areas of the mutant trunk previously devoid of these cells at E16.5. Thus, older Ph/1 embryos recapitulate many aspects of the diverse pigmentation patterns seen in adults; they show extensive variation in the size of the pigmented and depigmented areas between littermates and display nonsymmetrical patches either side of the dorsal midline. The variation between E16.5 embryos shown in Fig. 3 may represent stages of the melanoblast expansion that is occurring at this time. Progenitor clones may yet have to expand in the Ph/1 embryo shown in Fig. 3D while the recolonization appears complete in Fig. 3C .
In Rw embryos, Kit is also ectopically expressed in the dorsal neural tube, the dermatome and the heart, similar to patch, banded and sash mutants (Hough et al., 1998) . Again, it appears that sequestration of Mgf in the dermatome causes the pigmentation defect seen in adults. Our analysis of melanoblast development in Rw/1 embryos indicates that the initial defects in migration and survival occur from E11.5 and the large areas showing reduced numbers of melanoblasts persist up to E15.5. Why is the pattern of pigmentation in rump-white animals different from patch, sash and banded mice? The exact timing of ectopic Kit expression in the embryos has not been studied in detail, but if Kit misexpression occurs later and/or more posterior in rump-white embryos this would explain the localization of the unpigmented patch. A timing difference might also account for the absence of segmentally clustered melanoblasts in Rw/1 embryos. Initial melanoblast and somite differentiation may have occurred prior to Kit mis-expression such that the sequestration of Mgf occurs uniformly in the dermis rather than segmentally in the somites.
Do melanocytes in high density regions migrate to underpopulated areas?
There are a number of possible origins for the repopulating melanocytes observed at E16.5 in the Ph/1 and Rw/1 mutants. The densely packed melanocytes in adjacent regions may be able to detect underpopulated areas and expand into these over a short time period. If neural crest cells of pigmented C57BL/6J origin are injected in utero into Kit-mutant embryos which normally lack melanoblasts, the resulting chimaeras can have up to 50% coat colour pigmentation. In contrast, the same cells injected into BALB/c embryos, which contain unpigmented melanocytes, give rise to chimaeras whose pigmentation never exceeds 10%. It appears that colonization is inhibited by the full complement of endogenous melanoblasts already present in the BALB/c skin (Huszar et al., 1991) . It has been well established that embryonic skin can only support a limited density of melanoblasts (Mayer, 1970 (Mayer, , 1973 , but there may in addition be an active movement of cells into skin devoid of melanoblasts. In chimaeras of pigmented strains with Kit mutants a rostral-caudal expansion of the melanoblast clones is observed, again suggesting that their dispersion is directed by contact inhibition (Erickson, 1985) which promotes the radial movement of cells from areas of high to low cell density (Rovasio et al., 1983) .
We do not believe that such a phenomenon occurs in the Ph/1 embryos. If this migration occurred we would expect that the rostral trunk regions closest to the head and forelimbs, adjacent to the higher density of melanoblasts, would be recolonized initially and that the majority of mutants would show similar pigmentation defects of the lumbar region. However, both the size and location of the depigmented areas vary considerably in both E16.5 and adult Ph/1 mutants (Figs. 1 and 5 ) and melanoblast colonization frequently occurs in the centre of the unpigmented region. It is unlikely that expansion of melanoblasts into underpopulated areas is the sole method of colonization. By contrast, Rw/1 mutants show a distinctive pigmentation defect in the sacrolumbar region distinct from the pattern of patch, sash and banded mutants. We see many more scattered melanoblasts in the trunk regions of the Rw/1 embryos from E12.5 to E15.5 compared to the Ph/1 embryos. We suggest that these melanoblasts are slowly recolonizing the underpopulated area by caudal migration from their high density source in the upper trunk. The melanocytes reach the distal extremities furthest away from their source, the digits of the hindlimbs and ventral abdominal region, too late to enter the developing hair follicles and thus these areas remain depigmented. Indeed the Rw/1 mutants show much less variability in the size and location of their white spots than the Ph/1 mutants.
A second wave of melanocytes appears at E16.5
The melanocyte distribution in patch embryos and adults indicates that a small number of cells escape inhibition and expand to form clones that colonize a large unpigmented area. We consider three mechanisms by which this might occur; two are manifestations of normal melanoblast development revealed by the patch mutation whilst the third results from abnormal behaviour of cells within the mutant.
(1) There may be a late wave of Kit-independent melanoblast differentiation and migration, as seen in chickens and zebra®sh, and a few precursor cells may survive early (Kitdependent) loss and expand to give rise to the clones observed. (2) There may be a population of migratory premelanoblasts whose progeny do not express the reporter transgene until later in development and a few of these cells may escape the Kit-dependent loss and expand normally in the dermis but are only visualized later. (3) The patches may derive from cells that escape early Kit-dependent loss, but these cells may undergo very rapid, abnormal, expansion into the dermis after Kit dependence is lost at E15.5.
A few scattered blue cells are detected using our lacZ reporter between E12.5 and E15.5. These may be the cells that give rise to the expanded clones observed after E15.5. It is possible that they are a few survivors of a stem cell population that gives rise to a late wave of melanoblast differentiation at E16.5. A second wave of cell migration away from the spinal cord through the dorsal root ganglia into peripheral tissues occurs after the emigration of neural crest cells is complete in the chick (Sharma et al., 1995) . Moreover, some of these neuroepithelial cells can differentiate into melanocytes in the skin and feathers. Two waves of melanophore migration have also been documented in the zebra®sh, determining both larval and adult pigmentation patterns (Milos et al., 1983; Johnson et al., 1995) . The 3 day lateral line band arises from an initial population of melanocytes migrating from the neural crest in an anteroposterior wave to form an interrupted stripe followed by a second distinctive population which differentiates directly in the stripe to ®ll the gaps between the initial cells (Milos et al., 1983) . Both groups of cells exhibit selective localization. Secondary melanophores are forced to colonize more posterior locations by the presence of initial wave melanophores occupying anterior positions of the stripe. Adult zebra®sh have ®ve alternating blue-black and silvery yellow stripes aligned parallel to the long axis of the body. Two distinct populations of early and late differentiating melanocytes affected by different genetic regulatory mechanisms ensure melanocyte and iridophore adult stripe formation (Johnson et al., 1995) . Sparse (Spa b5 ) zebra®sh mutants, carrying a mutation in the orthologue of Kit, are virtually devoid of melanocytes by the middle of the larval period. However, a Kit-independent population of melanocytes arises at metamorphosis to generate adult pigmentation patterns that resemble wild-type although fewer melanocytes are found within the stripes (Johnson et al., 1995; Parichy et al., 1999) .
There has been no evidence previously for a second wave of melanoblast development in the mouse, but it may normally be masked by the large number of melanoblasts present between E15.5 and E16.5 in wild-type embryos. It is possible that we have been able to visualize this later developmental wave within the areas of low melanoblast density in the trunk of E15.5 Ph/1 embryos because a small number of progenitors of the late wave have survived.
3.4. Is the second wave the appearance of a quiescent population of progenitors?
One argument against the newly colonizing melanoblasts originating from a clone differentiating at E15±E16 is the speed with which the colonization occurs. It is unlikely that the clones that are visualized at E16.5 differentiated several days earlier, but were not stained because they were not located in the epidermis. XGal staining can penetrate to detect transgene expression in the retinal pigmented epithelium, the inner ear and forebrain up to E16.5 and would detect lacZ-positive melanoblasts in the dermis, for example.
Alternatively the clones may have originated earlier and expanded, but do not activate the lacZ transgene, and so are not visualized. In essence this is the same as a late-differentiating population, but in which an early migratory phase is separated from a later differentiation. It is possible that such a population exists in embryos but is undetectable against the normally dense background of melanoblasts. The third possibility is that the few scattered trunk melanoblasts in the E15.5 Ph/1 embryos are capable of clonal expansion over a very short period of time to produce large patches within 24 h. If the inhibition posed by the ectopic Kit expression is removed after E15.5 and Mgf is liberated, or melanoblasts become Kit-independent at this stage, the few melanoblasts present could expand and proliferate. It has been previously shown that the ectopic expression of Kit in the dermatome and dermis of Kit W-bd
/Kit
W-bd embryos is under dynamic temporal control; mis-expression of Kit is present at E14.5, but is signi®cantly downregulated 4 days later (Kluppel et al., 1997) .
This scenario would also be consistent with the distinctive pigmented patches observed in the Ph/1 adults. In this case individual melanoblasts that are capable of extensive expansion are present but quiescent until ,E16 whereupon they become active. All melanoblasts may be capable of such expansion, but their full capacity may not normally be realized because of the melanoblast population pressure, which restricts the expansion to the width of the standard stripe visualized in aggregation chimaeras (Mintz, 1967) . The presence of a few such precursors within the melanoblast-de®cient region of patch embryos might be providing a means of observing the full potential of single clones.
In conclusion, using a melanocyte speci®c transgenic reporter we have shown that the pigmentation patterns of patch and rump-white mutants both arise from a region that is more extensively devoid of melanoblasts in embryos than in adults. The particular patterns of pigmentation seen in the two mutants, however, have different origins. It appears that the unpigmented area of rump-white mice is ®lled in by rostrocaudal migration of melanoblasts from adjacent regions. In contrast the unpigmented area of patch mice is recolonized by isolated clones of pigment cells that derive either from cells that differentiate late from neural tissue and rapidly expand, or from cells that expand in a quiescent state and whose clonal progenitors differentiate late. In either case, these could well be cell populations that exist in wild-type embryos but whose presence is masked by the normal melanoblast population.
Experimental procedures
Mice
The patch and rump-white mice were obtained from the MRC Mammalian Genetics Unit (Harwell, UK) and maintained on a mixed CBA/CaCruBR, C57BL/6J background for these experiments. To generate embryos carrying the melanoblast lineage marker, Dct-lacZ transgenic animals (MacKenzie et al., 1997) were crossed to Ph and Rw heterozygotes. In some cases Ph/1 or Rw/1 mice, one of which carried the Dct-lacZ transgene, were intercrossed to generate potential homozygous offspring for analysis.
Analysis of embryos
The time of gestation was calculated by taking noon of the day of detection of a vaginal plug as embryonic day 0.5 (E0.5) and also noting the external appearance of the embryo (according to Kaufman, 1992) . The transgene expression was detected as outlined previously (MacKenzie et al., 1997) . At least six embryos for each group (control and Ph/1 or Rw/1) were generated from independent litters and examined at each stage.
